We investigated the association between polymorphisms and haplotypes of the chymase 1 gene (CMA1) and the left ventricular mass index (LVM/BSA) in a large cohort of patients with aortic stenosis (AS). Additionally, the gender differences in cardiac remodeling and hypertrophy were analyzed. The genetic background may affect the myocardial response to pressure overload. In human cardiac tissue, CMA1 is involved in angiotensin II production and TGF-b activation, which are two major players in the pathogenesis of hypertrophy and fibrosis. Preoperative echocardiographic data from 648 patients with significant symptomatic AS were used. The LVM/BSA was significantly lower (p,0.0001), but relative wall thickness (RWT) was significantly higher (p = 0.0009) in the women compared with the men. The haplotypes were reconstructed using six genotyped polymorphisms: rs5248, rs4519248, rs1956932, rs17184822, rs1956923, and rs1800875. The haplotype h1.ACAGGA was associated with higher LVM/BSA (p = 9.84610 25 ), and the haplotype h2.ATAGAG was associated with lower LVM/BSA (p = 0.0061) in men, and no significant differences were found in women. Two polymorphisms within the promoter region of the CMA1 gene, namely rs1800875 (p = 0.0067) and rs1956923 (p = 0.0015), influenced the value of the LVM/BSA in males. The polymorphisms and haplotypes of the CMA1 locus are associated with cardiac hypertrophy in male patients with symptomatic AS. Appropriate methods for the indexation of heart dimensions revealed substantial sex-related differences in the myocardial response to pressure overload.
Introduction
Left ventricular hypertrophy (LVH), which develops due to pressure overload in patients with aortic stenosis [1] , is associated with increased mortality and morbidity before and after aortic valve surgery [2] . The lack of an evident correlation between the stenosis-dependent pressure load and the degree of LVH [3] suggests that the left ventricular phenotype is dependent on a polygenic background [4] . The familial predisposition of LVH is supported by several studies [5, 6] .
Angiotensin II is known to promote hypertrophy of cardiac myocytes and hyperplasia of cardiac fibroblasts [7] . Angiotensin II is generated locally in the cardiac tissue independently of circulating angiotensin II [8] , and chymase has been found to be the major angiotensin II-producing enzyme in the human heart [9] . In response to pathological conditions, such as pressure or volume overload, myocardial infarction, and diabetes [8] , the locally generated angiotensin II contributes to the development of cardiac hypertrophy and fibrosis [10] .
Chymase is also involved in the activation of TGF-b in endothelial cells and in the heart [10] . It has been shown that TGF-b plays an important role in the pathogenesis of fibrotic and hypertrophic remodeling in the pressure-overloaded heart, both in animal models and in patients with aortic stenosis [11] .
The expression of the chymase gene and its enzymatic activity in cardiac tissue was found to gradually increase over time in a hamster model of pressure overload hypertrophy [12] , and several studies have suggested the role of chymase in left ventricular remodeling [10] .
The CMA1 gene is located on the long arm of chromosome 14, and its polymorphisms are associated with asthma (STR and (TG) n (GA) m repeat) [13, 14] , atopic eczema (rs1800875) [15] , heart failure of nonischemic etiology, and low ejection fraction (rs1800875) [16] . However, no functional polymorphism has yet been reported.
The goal of this study was to examine the association between genetic variations in the CMA1 locus and LVH using a comprehensive tagging polymorphism and haplotype approach in a large cohort of patients with aortic stenosis.
Materials and Methods

Patients
The study group comprised patients treated in the Department of Valvular Heart Diseases at the Institute of Cardiology in Warsaw who were referred for surgical intervention due to significant aortic stenosis. Patients with coexisting significant mitral and/or tricuspid disease or moderate/severe aortic regurgitation were excluded from the study. Written informed consent to participate was obtained from all of the patients, and the study was approved by the Ethics Committee of the Medical University of Warsaw and the Institute of Cardiology. All of the patients with a history of angina or aged .50 years underwent coronary arteriography. Significant coronary artery disease was defined as a reduction of at least 70% in the diameter of a major coronary artery or a 50% reduction in the left main coronary artery diameter.
Echocardiography
The standardized examination comprised two-dimensional guided M-mode transthoracic echocardiograms and selected two-dimensional Doppler recordings. The left ventricular mass (LVM) was calculated according to the Penn Convention modified by Devereux LVM (g) = 1.04[(IVST+LVEDD+PWT) 3 
2
LVEDD
3 ] 213.6 [17] where LVEDD is the left ventricular enddiastolic diameter, IVST is the intraventricular septal thickness in diastole, and PWT is the posterior wall thickness in diastole. The body surface area (BSA) was calculated using the modified DuBois formula: BSA = (height (m) 0.73 6 body weight (kg) 0.4 6 71.84)/ 10,000 [18] . The relative wall thickness (RWT) was calculated as RWT = PWT/(0.5) LVEDD. The left ventricular geometry was classified as previously described [1] : a) concentric hypertrophy, increased LVM/height and increased RWT; b) eccentric hypertrophy, increased LVM/height and normal RWT; c) concentric remodeling, normal LVM/height and increased RWT; and d) normal geometry, normal LVM/height and normal RWT. An LVM/height of 143 g/m or less for men and of 102 g/m or less for women and an RWT equal to at most 0.45 were considered normal.
Polymorphism Selection
The single nucleotide polymorphisms (SNPs) were selected from the HapMap database (www.hapmap.org) to capture the genetic diversity of the region from 2.6 kb upstream to 5.1 kb downstream of the CMA1 gene in a population of Utah residents with Northern and Western European ancestry. Haplotype blocks were defined using the method described by Gabriel et al. [19] . The haplotype tagging SNPs (htSNPs) were selected using the method described by Stram et al. [20] to predict the common haplotypes among Caucasians that meet a criterion of R h 2 .0.80.
Genotyping and Sequencing
The SNP genotyping was performed using the SNPlex Genotyping system or TaqMan technology (Applied Biosystems, Foster City, CA, USA). The SNPlex assay was designed by the manufacturer, and the experiments were conducted according to the standard protocol. The analysis of the SNPlex products was performed using the ABI3730xl genetic analyzer and the GeneMapper 4.0 software. Predesigned TaqMan assays were obtained from the manufacturer, and the genotyping was performed using a standard protocol on a ViiA7 Real-Time PCR System. Ten percent of the samples were analyzed duplicates for quality control. The sequencing was conducted using BigDye 3.1 chemistry and ABI3500xl genetic analyzer (Applied Biosystems, Foster City, CA, USA) according to the manufacturer's protocol.
Bioinformatics
The SNP proximity search was performed using the SNAP software with genomic data collected by the HapMap Consortium and 1000 Genomes Project. The genotypes of untested SNPs were predicted using the IMPUTE2 software [21] and analyzed with the SNPTESTv2 software (6), which is able to take into account genotype uncertainty during association tests. The search for potential binding sites of transcriptional factors in the promoter region of the CMA1 gene was performed online using Genomatix with the MatInspector program (http://www.genomatix.de).
Statistical Analysis
The SAS software (version 9.3; SAS Institute Inc, Cary, NC, USA) was used for the database management and statistical analysis. A stepwise selection method based on the Schwarz Bayesian information criterion was implemented to select a model with clinical covariates. The echocardiographic parameters were not Gaussian distributed and were therefore natural log-transformed before their analysis. The primary quantitative outcome variable of the association analyses was LVM/BSA. The principal explanatory variables were the four genotyped CMA1 htSNPs and the inferred haplotypes. We tested the departure of each SNP from the Hardy-Weinberg equilibrium using Haploview 4.0 [22] . The SNPs were analyzed under an additive genetic model, and the results were used to identify significant associations and to investigate the most appropriate genetic model for each case. Generalized linear models were used to analyze the effects of multiple covariates on a continuous outcome. Haplotypes were inferred for individuals with ambiguous phase, and the haplotype frequencies were estimated and analyzed using the SimHap software [23] . P-values ,0.0125 were designated as significant based on the Bonferroni correction for multiple comparisons of the four htSNPs, which were evaluated as independent statistical tests using the simpleM algorithm [24] . P-values ,0.05 were considered suggestively associated. The mean values presented in the text are back-transformed to the original scale from the natural logtransformed data shown in tables.
Results
Gender Differences in the Left Ventricle Geometry and Function in Patients with Aortic Stenosis
A total of 648 (274 women, 374 men) patients met all of the criteria for inclusion in the study ( Table 1 ). The women were significantly older (p,0.0001) and had a lower body mass index (BMI) than the male patients (p = 0.0496). The ejection fraction (EF) (p,0.0001), mean aortic gradient (p = 0.0008), and maximal aortic gradient (p = 0.0006) were greater in the women, but the LVM (p,0.0001), LVM indexed to BSA (p,0.0001), height (p, 0.0001) or height 2.7 (p = 0.0104), uncorrected LVEDD (p, 0.0001), and LVEDD indexed to height (p = 0.0024) were significantly lower in the women compared with the men. The LVEDD indexed to BSA was similar in the women and men (p = 0.9881). Interestingly, the uncorrected IVST was lower in the women (p = 0.0003). However, after correction for BSA or height, the IVST appeared to be greater in the women than the men (p, 0.0001 and p = 0.0446 for correction for BSA and height, respectively), and similar results were observed for PWT. The RWT was significantly higher in the women compared with the men (p = 0.0009). Furthermore, concentric hypertrophy was more frequent in women than in men (p = 0.0002), but the prevalence of eccentric hypertrophy was lower in the women (p = 0.0028). Table S1 in File S1 outlines the clinical covariate associations in the multivariable model of each of the echocardiographic parameter in detail. Age and gender were forced into a model. Moreover, of the variables EF, maximal aortic gradient, NYHA, mean aortic gradient, significant coronary artery disease, and hypertension, the statistical analysis based on the Schwarz Bayesian information criterion selected the variables EF and maximal aortic gradient to represent most of the echocardiographic phenotypes.
Building Multivariable Models with Clinical Covariates
Tagging SNP and Haplotypes
We surveyed the genetic variation across a 10.4-kb region spanning the CMA1 locus: from 2.6 kb upstream of the first exon through 5.1 kb downstream of the transcribed region. One haplotype block encompassing the whole CMA1 locus was defined (Figure 1 ), and four htSNPs (rs17184822, rs1956932, rs4519248, and rs5248) were selected to predict the four common (.5%) haplotypes among Caucasians (R h 2 .0.90). The single htSNP analyses ( Table 2) of all of the patients, which were corrected for multiple comparisons, identified a significant genetic association with low LVM/BSA for the T allele of rs4519248, and an additive genetic model was suggested (mean: 205.6 for CC variant, 197.0 for CT, and 182.9 for TT, p = 0.0053). The association was moderately reduced by the adjustment for age, sex, ejection fraction, and maximal aortic gradient (full model, p = 0.0215). The htSNP rs4519248 is located 3.7 kb from the 39UTR of the CMA1 gene and might not be biologically functional but rather a marker of a functional variant. Using a pairwise linkage disequilibrium threshold r2.0.8, we have found two SNPs in the promoter region of the CMA1 gene: rs1956923 and rs1800876 which are in complete linkage disequilibrium (r2 = 1.0) with rs4519248. The transcription factor binding site (TFBS) analysis revealed that the rs1956923, but not the rs1800876, affects the binding of a few transcription factors to DNA, and this polymorphism was therefore selected for further analysis (Table S2 in File S1 ). In addition, we have genotyped the rs1800875 polymorphism located in the promoter region, because the rs1800875 is the most frequently analyzed SNP in the CMA1 locus and its associations with certain diseases were found. The genotypic analysis (Table 2 and Associations between Haplotypes in the CMA1 Gene and LVM/BSA The haplotypes were reconstructed using the six genotyped rs5248, rs4519248, rs1956932, rs17184822, rs1956923, and rs1800875, and the analyses were performed using the additive genetic model. The haplotype h1.ACAGGA (51.46%) was significantly associated with higher LVM/BSA in the total group of patients (Table 3 and Figure 2 ; p = 0.0006), and this association was suggestive after adjustment for clinical factors (p = 0.0169). The analysis showed a significant association of the h2.ATAGAG (23.09%) haplotype with low LVM/BSA in the crude model (p = 0.0113), and a suggestive association was found in the full model (p = 0.0319). The associations were stronger among male 25 and p = 0.00075 for the crude and full models, respectively), h2.ATAGAG (mean: 218.8 for zero copies, 209.6 for one copy, 181.1 for two copies, p = 0.0061 and p = 0.0168 for the crude and full models, respectively). In contrast, no significant LVM/BSA differences were found in women (Table 3) .
Search for the Functional Variant: Sequencing of the CMA1 Gene and TFBS Analysis
To maximize the probability to detect functional mutations, we selected sixteen males for sequencing, as described in the supplementary materials (Table S3 in File S1), and sequenced 6 kb of the promoter region, introns, and exons and 2 kb downstream of the CMA1 gene. The sequencing revealed 19 variants in the CMA1 locus (Table S3 and Table S4 in File S1). We then examined all of the SNPs found in the CMA1 gene through sequencing with MAF.5% to determine their association with LVM/BSA in males. The genotypes of the untested SNPs were imputed from the genotypes of the htSNPs and reference haplotypes available from the 1000 Genomes Project. The minor allele of rs1956923 showed the most significant protective effect against cardiac hypertrophy (Table S4 in File S1). We then performed a TFBS analysis for each frequent (MAF.5%) SNP found by sequencing and that was significantly associated with LVM/BSA. The results are presented in Table S2 in File S1. Interestingly, the protective allele of rs1956923 disrupts the binding site of the cAMP-responsive element binding protein (CREB), which is known to be one of the primary targets for signaling pathways that induce the transcriptional activation of hypertrophy-associated genes with its co-activators, such as CBP and p300 [25] .
Associations between the rs1956923 Polymorphism in the Promoter Region of the CMA1 Gene and Echocardiographic Parameters
The genotypic analysis (Table 4) showed a significant association of the A allele of rs1956923 with low LVM in the additive genetic model, regardless of the indexation method used in the crude and full models. Similar results were found for LVEDD. No significant differences in the IVST, IVST/BSA, IVST/height, PWT, PWT/BSA, PWT/height, and RWT were found between the groups of male patients defined by the rs1956923 genotype.
Discussion
In this comprehensive study of the chymase gene, we identified a common genetic variation in the CMA1 gene as an independent predictor of left ventricular mass in male patients with aortic stenosis. The common haplotype h1.ACAGGA, which was inferred by combining six individual htSNPs, is associated with risk for cardiac hypertrophy in the additive model. In contrast, the protective h2.ATAGAG haplotype is associated with low LVM/ BSA in the additive model. The haplotypes h1.ACAGGA and h2.ATAGAG can be tagged by the A allele of rs1800875 and by the A allele of rs1956923, respectively. Because both of these htSNPs are localized in the promoter region of the CMA1 gene, it may be inferred that these polymorphisms affect the expression of CMA1 gene themselves or are in close linkage with functional variants. Comparative sequencing of the CMA1 locus in individuals who are homozygous for risk or protective haplotypes revealed additional candidates for functional variants in the promoter region of the gene. The new variants were tested for their association with LVM/BSA, and rs1956923 exhibited the strongest effect on the left ventricular mass. Moreover, we conducted a test conditioning upon the rs1956923 to search for secondary signals of association and found no significant results. The TFBS analysis of the new variants indicated that rs1956923 was the most likely functional polymorphism, and its minor allele A disrupts the binding site of the transcription factor CREB. Phosphorylated CREB can recruit the CBP co-activator and initiate the cAMP-dependent activation of gene expression [26] . It has been shown that CBP and the closely related p300 protein play an important role in the process of cardiac hypertrophy [25] .
We found an association between the genetic variation in the CMA1 gene and the degree of LVH only in men. This phenomenon can be explained by the fact that gender has a profound impact on the cardiac remodeling response to pressure overload in patients with aortic stenosis. In our study, women had a greater relative wall thickness and better systolic function, as determined by the ejection fraction, and these differences have been reported by other researchers [27, 28] . In our cohort, women had higher mean and maximal transvalvular gradients, and similar trends were observed in other studies [27, 28, 29] with a small number of patients. Compared with men, the women had significantly lower LVM indexed to BSA, height or height 2.7 . These results are in agreement with two previous studies [29, 30] but contrary to two other studies, which showed that gender differences in LVM/BSA were not statistically significant, although a trend toward a greater LVM/BSA in women was observed [27, 28] . Moreover, the uncorrected IVST and PWD were significantly lower in women, and similar differences, albeit without significance, were shown in a previous study [29] , but opposite results were found by other studies [27, 28] . After indexation to BSA or height, the IVST and PWD were significantly greater in women, and similar differences were previously reported [27, 28] . In absolute terms, the LVDD was greater in men, as found in previous studies [27, 28, 29, 30] . However, after indexation to BSA, this difference disappeared in our as well other studies [29] , although one study showed a trend toward higher LVDD/BSA values in women compared with men [28] . In a healthy population, the LVDD/BSA values [31] and their normal range [32] are higher in women than in men. Thus, the lack of a gender-related difference in LVDD/BSA in aortic stenosis patients found in our study may be treated as a greater enlargement of the LV cavity in men compared with women. Our results on the gender-related difference in LVDD indexed to height appear to support this hypothesis. The small sample size, older age, and lower mean transvalvular gradient in two previous studies [28, 29] and the small number of patients and the younger population included in a third previous study [27] may account for the discrepancies between our results and those obtained in these previous studies. With the use of properly indexed LV dimensions and a large number of patients, our study showed that men with severe aortic stenosis develop a more eccentric form of hypertrophy than women, and this more eccentric form is characterized by thinner LV walls, more ventricular dilatation, lower transvalvular gradients, smaller relative wall thickness, and worse systolic function.
The above-described sex-related differences in the echocardiographic parameters have representations at the cellular level Table 4 . Mean values of the echocardiographic parameters Based on rs1956923 Genotypes in males. because gender-specific pathways in the cardiac response to pressure overload have been found in animal models [33] , and the role of estrogens have been shown [34, 35] . In a mouse model of pressure overload hypertrophy, males exhibited more severe tissue fibrosis, LV dilation, and hemodynamic dysfunction, as well as the upregulation of TGF-b genes and TGF-b target genes, such as collagens and fibronectin. Orchidectomy reduced both the specific mRNA content and the fibrosis and hemodynamic dysfunction. The exposure of fibroblasts or cardiomyocytes to physiological concentrations of dihydrotestosterone significantly increased the mRNA levels of TGF-b [36] . This result suggests that TGF-b is a downstream effector of androgens and plays a crucial role in LVH, fibrosis, dilatation, and dysfunction. TGF-b may be responsible for the gender-related differences in cardiac remodeling between postmenopausal women, who are no longer under the influence of estrogens, and older men, many of whom still have circulating testosterone concentrations close to those of young men [28, 29, 37] . Animal and experimental models agree with the clinical studies that have been conducted on aortic stenosis patients, which showed more pronounced interstitial fibrosis [37] and greater upregulation of matrix-related genes in male hearts [38] .
We would like to emphasize that experimental [36] and clinical [39] data demonstrate that the TGF-b pathway containing Smad2 is upregulated and affects cardiac fibrosis and eccentric remodeling only in males with chronic pressure overload. Therefore, changes in the availability of the active form of TGF-b can influence the LV mass and LVDD in male patients with aortic stenosis only. Chymase contributes to the activation of TGF-b [10] ; thus, the functional polymorphism affecting the expression of the chymase gene may influence the activation of TGF-b and thereby modify the cardiac remodeling response to pressure overload in men. Therefore, in our study, we found an association between the rs1956923 polymorphism in the promoter region of the CMA1 gene and the LV mass and LVDD but not IVST, PWD, and RWT in the group of male patients only.
To date, only a few studies have evaluated the impact of genetic polymorphisms on LVH in patients with aortic stenosis [4, 40, 41] , and all of these studies had too-small sample sizes (from 54 to 105 patients) and were thus unable to minimize both false positive and false negative errors, stratify for gender, and test for truth associations. Interestingly, one study showed a minor trend of the G allele of rs1800875 toward a lower LVM/BSA in an additive genetic model in all patients, but the difference did not reach statistical significance (p = 0.27). Our study size and design allowed us to address the weaknesses of the former studies. The htSNPs were selected to maximally account for the genetic variation in the CMA1 gene and to perform single SNP and complementary haplotype analysis to decrease the false negative errors.
Implications of Study Findings
The results of our study may be applied to individual risk prediction and improvement in the timing of valve replacement. In addition, the results may stimulate the implementation of new therapeutic interventions based on the administration of chymase inhibitors to patients bearing the risk haplotype.
Study Limitations
Functional studies are required to elucidate the details of the molecular mechanism through which the functional SNP or haplotype affects the CMA1 promoter activity in cardiac cells subjected to pressure overload. In addition, the present study consisted of Caucasians, and the results may not apply to other populations.
Conclusions
Common genetic variants and haplotypes at the promoter of the CMA1 gene are associated with LVH in male patients with aortic stenosis. The gender-related differences in the cardiac remodeling response to pressure overload are substantial if properly indexed heart dimensions are used, and these differences impose the search for gender-specific pathways. Although a causal molecular mechanism has not been established, the results of our study can be used for the risk stratification of men with aortic stenosis and for pharmacogenetics-guided therapy in the future.
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